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ABSTRACT
Lakshmanan, Varun S. M.S.M.E., Purdue University, August 2014. Experimental Study of
Unsteady Heat Release in an Unstable Single Element Lean Direct Injection (LDI) Gas
Turbine Combustor. Major Professors: Dr. William E. Anderson, School of Aeronautics and
Astronautics, Dr. Robert P. Lucht, School of Mechanical Engineering.
In an effort to curb emissions from gas turbine engines, many low emission engine
concepts have been developed. Among the most promising of these is the LDI (Lean
Direct Injection). These systems operate at relatively low equivalence ratios close to
blowout and are prone to instabilities. Combustion instabilities can reduce the life of the
combustor by causing large pressure fluctuations and enhanced heat release to the walls
of the combustor and reduce the efficiency of the engines. The understanding of
combustion instabilities is vital to the implementation of such systems. Combustion
instabilities are studied in an self-excited single element gas turbine combustor that uses
an LDI element for fuel injection at elevetaed chamber pressures.
The LDI combustor uses a swirler to ensure mixing of the air and the fuel and expansion
of the swirl through a pressure swirl venturi to create a swirl stabilized flame. This project
aims to study the heat release modes that occur in the combustor through measurement
of light emissions from the flame using photodiodes that are sensitive to wavelengths of
light produced by the flame. These are used along with high frequency pressure
transducers. The focus is on the flame behavior in the diverging section of the venturi
where the swirl is expanded and the flame starts since optic access cannot be obtained in
this section. The use of photodiodes also facilitates the study of hydrodynamic modes
that occur in the combustor alongside the thermoacoustics. A section which could
accommodate the photodiodes was designed and installed on the LDI test rig in the Gas
Turbine Cell at Maurice J Zucrow Propulsion Labs at Purdue University.

xiii
The combustor was tested with this section and dynamic data was obtained from the
pressure transducers and the photodiodes for a range of inlet air temperatures and range
of equivalence ratios for each inlet air temperature. The dominant instability modes in
both sets of data were analyzed and are presented in this document. The dominant heat
release modes share similarities but often differ from the dominant pressure modes
observed. The data also indicated the presence of azimuthal modes and suggested the
presence of a PVC (precessing vortex core) although a definite PVC mode was not picked
up by the photodiode data.
Overall, the testing was successful and the heat release modes could be analyzed from
the photodiode data but a complete picture could not be obtained due to noise and
heating issues in the photodiodes which limited the amount of data that could be
obtained.
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CHAPTER 1.

INTRODUCTION AND LITERATURE REVIEW

1.1 Motivation

Most of the energy generated on the planet today comes through the process of
combustion of fossil fuels. The world is currently seeing a rapid growth in energy needs
and the response to this has been to increase consumption of hydrocarbon based fossil
fuels. The combustion process on a large scale though can have a significant detrimental
effect on the environment due the by-products emitted by the process. It is also
necessary to make the process more efficient to reduce the rate of consumption of
limited fossil fuel resources. A significant portion of pollution can be traced to the
transportation and industrial sectors. Both aircraft and land based gas turbine engines
produce harmful NOx, unburnt hydrocarbons and other greenhouse gas emissions that
can contribute to ozone depletion and global warming [1]. As a result, there has been
an increasing pressure on the aviation industry to reduce emissions [2].
Oxidation of hydrocarbons produces CO2 and water as the main products, but also
results in the production of pollutants like CO, NO x and SOx. Modern jet fuels typically
have very low sulfur content and the focus of emission control is more on CO and NO x.
CO is formed as a result of incomplete combustion of hydrocarbons at rich conditions
and by the dissociation of CO2 at higher temperatures[3] as shown in the equation


 ՞     .

ሺͳǤͳሻ

CO production is of greater concern in non-premixed flames which, even at low
equivalence ratios consist of both rich zones where combustion occurs without
sufficient oxygen, and overly lean zones where the flame does not propagate leading to

2
partial oxidation [3]. CO control measures hence typically involve providing a supply of
sufficient oxygen for the flame and ensuring better mixing of the reactants.

Figure 1.1: NOx emissions standards CAEP/2 through CAEP/8 [2].
Jet fuels contain negligible amounts of nitrogen in them. Oxides of nitrogen NO, NO 2
and N2O (collectively known as NOx) are formed from the nitrogen in the air by two
different mechanisms; one through the reaction of the otherwise inert nitrogen in the
air with the oxygen due to high temperatures and the other known as the prompt
mechanism of NO formation which involves the reaction between the hydrocarbon
radicals and nitrogen. Since formation of CO and NO x are dependent on different
parameters, efforts to reduce CO by modulating the air-fuel ratio may result in a tradeoff with an increase in formation of nitrous oxides and vice versa as shown in Figure 1.2.
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Figure 1.2: Effect of Air to Fuel Ratio on Levels of Emissions [4].
Gas turbine flames are generally prone to NOx production due to the high temperatures
that are achieved in the combustor. Nitric oxide (NO) is the largest component of these
emissions. Nitrous oxide (N2O) and nitrogen dioxide (NO2) are also formed but tend to
breakdown into NO in the upper atmosphere and can contribute to destruction of the
ozone layer[1]. Over half of the depletion of the ozone layer has attributed to NOx [5].
These oxides can also react with moisture to form nitric acid which is a major
component of acid rain. It has therefore become imperative to understand the process
of formation of NOx and implement control measures.
NOx can be formed from both the nitrogen in the atmosphere and the nitrogen present
in the fuel. Aviation fuels generally have very low nitrogen content and most of the NOx
formed is from the nitrogen in the air used for combustion.
NO can be formed from two primary mechanisms. The first is known as the Zeldovich
mechanism [3] which produces thermal NOx, given by the following chemical reactions:

4
ܰଶ  ܱ ՜ ܱܰ  ܰ ,

ሺͳǤʹሻ

ܰ  ܱଶ ՜ ܱܰ  ܱ ,

ሺͳǤ͵ሻ

ܰ  ܱ ܪ՜ ܱܰ   ܪ.

ሺͳǤͶሻ

The rate of formation of NO is determined by (1.2) which is the rate limiting reaction
(involving the rupture of the N≡N triple bond) and can be given by [5]
ா

 ݓൌ ܣሾܰଶ ሿሾܱሿ݁ݔሺെ ோ்ೌ ሻ .

ሺͳǤͷሻ

The process is as seen from (1.5), exponentially dependent on temperature. Due to the
high activation energy required (~318KJ/mol [5]), the NO formation from this
mechanism peaks at temperatures above 1800 K [5].
The second mechanism known as the prompt NO mechanism was identified by
Fenimore [6, 7]. Here, intermediate radicals formed from the hydrocarbon combustion
(primarily the CH and HCN radicals) attack the nitrogen molecules to form NO in the
flame zone. Like the thermal mechanism, this mechanism is also temperature
dependent and yields maximum NO close to stoichiometric conditions. However, the
activation energy for this reaction has been reported to be much lower by Dean et al [8]
(~92KJ/mol), so reducing the temperature in the combustor has a lesser effect on the
NO produced by the prompt mechanism than the effect on the thermal NO x.
In addition to these mechanisms, nitrous oxide (N 2O) emissions tend to diffuse into the
stratosphere and undergo photolysis to form NO which then reacts with the ozone to
form NO2 [9] as shown in Figure 1.3.
Methods of controlling NOx can be broadly classified into combustion modification
techniques and post combustion techniques [9] like selective catalytic reduction (SCR) of
NO. Since the major NO production mechanisms are largely temperature dependent,
combustion modification techniques to control dry NOx generally involve reduction of
temperature in the combustor.

5

Figure 1.3: Effect of NOx emissions on the atmosphere [9].
By reducing the temperature (and presence of high temperature regions in the
combustor), thermal NOx production which accounts for the large portion of the total
NOx can be significantly reduced. Though the prompt NO x is not as temperature
dependent as the thermal NOx, there is still a significant drop in prompt NO x when
operating temperatures are reduced. This has been effectively achieved through various
methods like lean direct injection (LDI), lean premixed pre-vaporized (LPP) combustion
and Rich burn, Quick quench, Lean burn (RQL) [1].

1.2 Combustion Instability

1.2.1 Background

The problem of combustion instability was first given major significance in the design of
rocket motors, especially liquid rocket motors. In recent times though, it has been

6
observed in high power, low NOx gas turbines. In order to meet emission regulations,
most gas turbine manufacturers have adopted lean combustion concepts in their
combustors. A major issue with lean combustion however, is the occurrence of
combustion instability. Under lean operating conditions, a larger amount of air is
introduced into the system relative to the fuel to reduce the temperature and
consequent formation of NOx [10]. This causes the flame to be closer to blowout
conditions and reduces the stability of the flame. At this point, small temporal
perturbations in fuel flow/ equivalence ratio can significantly affect the heat release rate
from the flame. If these heat release oscillations couple with the acoustic field of the
chamber, it can lead to production of high amplitude self-driven pressure oscillations
which can severely damage combustor components due to stress from the pressure
waves and increased heat transfer to the walls of the combustor and lead to failure of
parts in the turbine. This is known as combustion instability. The compression of gas
within the pressure waves also creates periodic high temperature zones in the flame
which increases production of NOx. Such instabilities usually occur at the natural
acoustic modes of the combustor. The understanding of combustion instability is
therefore of high priority while designing combustors [10].
The phenomenon of combustion instability was first described by Lord Rayleigh in 1900
[11]. He described the phenomenon as the interaction between heat and the
compressions and rarefactions that occur in a sound wave. When heat is added in phase
with an acoustic driven pressure wave, the result will be an increase in amplitude of the
pressure. This gives rise to the condition for the occurrence of self-driven oscillations
known as the Rayleigh criterion and is given by the integral [10]


න Ԣ ሺݐሻݍԢ ሺݐሻ݀ ݐ Ͳ ሺͳǤሻ
௧

and when the integral in Equation (1.6) is greater than 0, the flame adds energy to the
acoustic field and the oscillations are driven by the flame.
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The interaction between the flame and sound is schematically shown in Figure 1.4 [10]

Figure 1.4: Schematic of feedback between flame and acoustics [10].
Figure 1.5 schematically shows a combustion instability coupled by acoustic feedback.

Figure 1.5: Coupling through acoustic feedback [12].
In a simplistic view, instability amplitude grows when heat release happens in phase
with the pressure oscillations as shown in Figure 1.6 [10].

Figure 1.6: Phase difference between pressure oscillation p’ and heat addition q’ [10].
If the heat release is out of phase with the pressure, it will remove energy from the
acoustic field and cause a damping of the pressure oscillations. In this case, the integral
from Equation (1.6) would have a negative value. When the driving effects are greater
than the damping effects the result is a positive feedback which causes the oscillations
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to grow in amplitude until the limit cycle is reached or the combustor hardware fails.
When the limit cycle is reached, the driving and damping processes are equal and no
further growth of oscillations can occur [10].

1.2.2 Mechanisms Involved in Combustion Instability

There are four main modes of combustion instabilities that can occur in a gas turbine
combustor; bulk, longitudinal, azimuthal and transverse modes [13]. Bulk modes are
associated with pressure fluctuations that are temporal but not spatial in the combustor
and are generally associated with the Helmholtz frequency of the chamber. They appear
as pressure pulsations and generally occur at lower frequencies in the combustor.
Longitudinal modes are the most commonly seen modes and are caused by the
amplification of longitudinal sound waves inside the combustor [13]. Azimuthal modes
are circumferential in nature and are often caused by hydrodynamic instabilities like the
precession of vortices in swirl stabilized flames. Transverse modes predominantly occur
at higher frequencies and are generally seen in the afterburners of gas turbine
combustors [13].
Although combustion instabilities mainly involve the pressure and heat release in a
combustor, the process itself is very complex due to many parameters being involved in
the heat release and its fluctuations. Instabilities have been studied in the past as both
linear and non-linear problems [14]. In most practical combustors, behavior is nonlinear when taking into account all the mechanisms that contribute to instability.
The simplest model used to analyze instability is known as the “time lag model” [14].
The idea behind this model is that there is a definite time period between a pressure
fluctuation and the heat release fluctuation. If a pressure fluctuation resulting in a drop
in pressure occurs at time “t”, in a combustor, the fuel flow rate would correspondingly
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increase into the combustor and result in a heat release perturbation. The increased
heat release would occur at a time ߬ after the pressure drop. If the pressure increases
when the heat release occurs, it would augment the pressure increase which would in
turn lead to an increase in heat release fluctuation. This can facilitate the formation of a
system of self-excited instabilities with incremental growth in the pressure and heat
release fluctuations which can be initiated by very small perturbations. The equation
representing the Rayleigh criterion over a cycle would then become [14]
ᇱ ൌ Ƹ ݊݅ݏሺ߱ݐሻǡሺͳǤሻ
 ݍᇱ ൌ ݍො ߱ ݊݅ݏሺ ݐെ ߬ሻǡሺͳǤͺሻ
௧ାଶగȀఠ

න
௧

௧ାଶగȀఠ

ᇱ  ݍᇱ ݀ ݐൌ

න

Ƹ ݍො݊݅ݏሺ߱ݐሻ߱݊݅ݏሺ ݐെ ߬ሻ݀ ݐǤሺͳǤͻሻ

௧

The time lag not a constant since it would depend on other variables such as the
pressure oscillation amplitude, temperature and equivalence ratio. In real combustors
however, there are additional factors to be considered such as the droplet vaporization
and ignition delay. There is an additional time lag associated with the feedback
mechanism which links the downstream combustion process to the region upstream of
the fuel injector. There can also be coupling effects from convective modes, like
entropy waves due to temperature fluctuations, injector inhomogeneity and vortex
shedding [15].
Acoustic coupling with the spray also plays an important role, especially in swirl
stabilized systems due to the unsteady nature of the spray.
To understand the phenomenon, we would first have to examine the processes involved
in combustion instabilities in detail. Some of the important processes observed in flames
are the unsteady flame strain, acoustic flame coupling, flame response to composition
inhomogeneity like equivalence ratio changes and vortex interaction [12]. The combined
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effect from these processes translates into a pressure wave that propagates upstream
of the injector. Figure 1.7 [15] shows a schematic representation of the interactions
involved.

Figure 1.7: Interactions involved in formation of combustion instabilities [15].
Some of the common mechanisms leading to instability are described here. The effect of
swirl and the consequently produced precessing vortex core (PVC) are discussed in a
later section in more detail.
Unsteady flame strain
Unsteady flame strain can occur in flames as a result of any large scale perturbation of
pressure, temperature or mass flow in the combustor. Such perturbations cause time
dependent strain rates on the flame the consequence of which is the modification of the
flame structure effectively changing the flame properties like flame speed and heat
release. The change in heat release in diffusion flames and partially premixed flames
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occurs due to a change in the rate of the reaction per unit area of the flame [12]. The
rate of the reaction per unit area hence becomes a function of the strain rate.
Equivalence ratio fluctuations
Equivalence ratio fluctuations occur in both premixed and diffusion flames but is more
prominent under lean operating conditions for both. This mechanism is also known as
feed-system coupling [13]. Pressure oscillations in the combustor interact with the fuel
supply line and causes changes in the fuel flow rate. An increase in pressure in the
combustor would decrease the flow rate into the combustor and cause a fluctuation in
equivalence ratio φ which affects the heat release (negatively). Similarly a pressure drop
in the combustor would cause an increase in the flow rate out of the fuel feed like which
causes an increase in the φ which increases the heat release. When in phase, the
fluctuation in equivalence ratio feeds energy to the acoustic modes and creates selfexcited oscillations as mentioned before.
For the oscillations to be self-excited, the time lag between the pressure and heat
release is imperative as systems with delays are more readily unstable. Broadly
speaking, the time delay can be divided into three parts; the delay due to phase shift
between the pressure oscillations at the injector and the mass flow rate, delay due to
time taken for the mixture to get convected into the reaction zone and the delay due to
response of the flame to the new equivalence ratio φ’ [12]. This delay can be factored in
to the time lag model described earlier to theoretically analyze the system.
It has been observed that small perturbations in equivalence ratios cause much larger
heat release oscillations in lean premixed conditions than at higher equivalence ratios.
This phenomenon has been studied and confirmed experimentally by Venkataraman et
al [13] using CH chemiluminescence measurements and theoretically Lieuwen et al [16].
The reasoning behind this observation can be explained with the help of a plot obtained
by Zukoski [17].
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Figure 1.8 shows the effect of equivalence ratio on the characteristic ignition time for a
hydrocarbon fuel.

Figure 1.8: Variation of characteristic ignition time with φ for hydrocarbon fuel.
As observed in Figure 1.8, the characteristic ignition time of the mixture increases
sharply when φ is reduced below 0.7. Under these conditions, any small perturbation in
φ would significantly change the rate of the reaction which affects the heat release and
makes the system more unstable. However, it should be noted that this plot only
provides ignition times for φ values down to ~0.6 for premixed flames without swirl so
the stability behavior of other types of flames cannot be predicted. Also, the amplitude
of instabilities may not necessarily continue to increase with a decrease in equivalence
ratio when other factors like vortex shedding and jet precession are taken into account.
Vortex shedding
The influence of vortex shedding on instabilities has been extensively studied [18 – 20]
and is prominently seen in dump combustors where vortices are formed at the
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combustor wall near the dump plane. When the flow of hot reactants exceeds a certain
velocity into a dump plane, it results in the formation of vortices which are periodically
shed and can react with the acoustic field of the combustor to produce a periodic heat
release.
The formation of a vortex near the dump plane is shown in Figure 1.9 [18].

Figure 1.9: Vortex formation in a dump combustor [18].
Under low speed flow conditions, a shear layer exists at the opening to the dump plane
which prevents formation of vortices. As Reynolds number of the flow increases, the
shear layer develops instabilities and eventually begins to roll up to form vortices which
shed periodically. Although the initial vortices are small, they continue to grow by
merging as they are convected downstream. Smith and Zukoski [19] studied the
interaction between the vortex and the pressure oscillations (acoustics) using
shadowgraphy on an optic chamber. When a low pressure exists at the combustor dump
plane, the flow rate into the combustor increases and causes a vortex to form and
convect across the combustor. When this vortex impinges against the combustor wall,
there is rigorous mixing of reactants and products which causes a heat release. Since
each pressure oscillation produces a vortex, the heat release from the vortex can couple
with the pressure oscillation to create an instability.
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Figure 1.10 shows the difference between an unstable and stable case for the same
combustor obtained by Smith and Zukoski [19].

(a) Stable flow

(b) Unstable flow
Figure 1.10: Shadowgraph images of stable and unstable flow showing vortex roll up.
The understanding of instability is important in the analysis of low NO x combustors
which are prone to them.

1.3 Lean Direct Injection (LDI) Combustor

The lean direct injection (LDI) system has been a promising option for reducing NO x
emissions in gas turbine combustors due to its potential to achieve high efficiency and
meet emission targets. Like other NOx reduction methods, LDI uses a lean operating
condition to reduce the primary zone temperature and hence reduce thermal NOx. A
key feature of the LDI combustor is the use of a swirler to ensure mixing of reactants to
get a uniform mixture which prevents formation of hotspots in the flame zone. Since the
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fuel and oxidizer only mix at the swirler, this system has an advantage over wholly
premixed systems as it eliminates the possibility of auto-ignition and flashback as fuel is
directly injected into the flame zone.
The swirl induced on the reactants also serves to stabilize the flame, a principle that is
used in all combustors using swirl stabilized flames. When the swirling flow is expanded
through a diverging section, due to conservation of angular momentum, the tangential
velocity of the outer regions of the swirling reactant jet is reduced creating a high
pressure on the outer regions of the spray and a low pressure region near the center of
the jet. In a reacting flow, this results in a portion of the combustion products
recirculating in towards the center of the jet and this induces a negative velocity on the
jet. This helps anchor the flame while also promoting ignition of incoming reactants as
the hot products mix with the reactants [21]. This recirculation forms the central
recirculation zone (CRZ) which stabilizes the flame as shown in Figure 1.11 [20].

Figure 1.11: Recirculation of hot gases creating a central recirculation zone (CRZ) [21].
Early experiments with LDI systems at high inlet temperatures (1100K and above) have
shown that they are very effective in reducing NOx emissions comparable to emissions
from LPP burners but with a wider range of stability [22, 23]. Current LDI concepts for
aviation generally use multiple injectors to create a larger number of smaller mixing
sites [23]. To maximize the mixing effect, fine atomization of the fuel is required.
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Tacina et al. [23] conducted a study on LDI systems with 25 injectors and 36 injectors
with swirl numbers of 0.5 and 0.8 and inlet air temperatures up to 810K. Their study
showed low NOx emissions for both injector configurations but significantly lower for
the 36 injector configuration among the two. Their results have been summarized in
Figure 1.12.

Figure 1.12: NOx emissions for various LDI configurations [23].
Many quantitative studies have been conducted on the nature of the LDI flame. Cooper
et al. [24] studied an LDI flame using Laser Induced Fluorescence (LIF) to study the effect
of pressure on the NO emissions from the LDI flame. They reported that the NO x
production scaled by a factor of P0.74 with an increase in pressure although this increase
is attributed to the increase in temperature that occurs as a consequence of rise in
pressure. This was higher than the scaling factor (of 0.5) reported by Correa [5].
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Figure 1.13 shows a swirl venturi LDI element [23].
Swirler vane
Fuel Injector

Venturi
Figure 1.13: Swirl Venturi LDI element [23].
Figure 1.14 shows a chemiluminescence image of the LDI flame [24].

Figure 1.14: Chemiluminescence image of LDI flame [24].
The LDI swirler injector device ensures fine mixing of the fuel and air immediately
downstream of the injector and this allows the flame to anchor close to the injector
making it behave more like a partially premixed flame [25, 26]. While this is
advantageous when considering emissions and prevention of flashback and formation of
hot zones, such a system is inherently prone to instability since premixed and partially
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premixed flames are more responsive to velocity perturbations due to flow modulation
than diffusion flames as they can significantly affect the chemical kinetics [25]. The
study by Santavicca and Yi [26] on an LDI combustor with a 60 o swirler showed the
absence of large vortex driven instabilities unlike the vortex driven pressure oscillations
observed in bluff body stabilized combustors or dump combustors. This is attributed to
the fact that the shear layer in swirling flows grows and decays much faster than in nonswirling flows which prevents the growth of a reactant rich vortex [26]. They also
reported that the bulk of the heat release occurred close to the dump plane
(downstream) and the major heat release zone moved closer to the dump plane as
equivalence ratio was reduced. A compact and stable PVC was reported but not seen to
couple with the thermoacoustics to increase amplitude of the pressure oscillations.
The coupling of spray with the acoustics of the chamber and precession of the vortex
core can be significant factors in damping or exciting instabilities. The effects of these
factors on a swirl stabilized flame are discussed in the next section.

1.4 Unsteady Spray Dynamics and Precessing Vortex Core

1.4.1 Spray Acoustic Interaction

Since sprays form an integral part of swirl stabilized flames, their response to the
presence of acoustic fields has been studied. Sprays are inherently unstable, and can
create opportunities for coupling with the acoustics of the chamber to excite
instabilities. Since non-premixed flames require vaporization of the droplets before
combustion, pressure oscillations can affect vaporization times of the droplets in the
spray and cause unsteady heat release from the flame. Anderson and Winter [27]
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reported an increase in distortion of the droplets when a pressure wave was passed
across them and an increase in the droplet evaporation rate in a non-reacting case.
A detailed study of effect of spray acoustic coupling by Chishty [28] using Phase Doppler
Anemometry (PDA) showed that under acoustic forcing, the droplet diameters at the
center of the spray increased while droplet diameters on the outer regions of the spray
decreased which suggests outward migration of small droplets under the influence of an
acoustic field. Chishty [28, 29] also reported that the effect of acoustic forcing on the
spray is more prominent at lower frequencies of excitations than at higher frequencies.
This implies that there is a minimum relaxation time associated with the response of the
spray to the pressure waves.

1.4.2 Precessing Vortex Core

The swirl introduced into the flow in the is an important characteristic of the LDI
combustor. Strongly swirling flows often exhibit hydrodynamic instabilities which can
interact with the acoustics of the chamber. This hydrodynamic-thermoacoustic
interaction can affect the stability characteristics of the chamber by either exciting or
dampening the oscillations. In the former case, this can lead to occurrence of very large
amplitude pressure oscillations that can damage the combustor. When sufficient swirl
(the swirl number of the flow is high) is provided to a jet or spray, the central region of
the flow is displaced from its axis and begins to precess about its axis of symmetry [30].
This results in the formation of a periodic three dimensional instability called a
precessing vortex core (PVC).
A basic requirement for combustors using swirl stabilized flames is a diverging section
through which the swirl can be expanded. The swirl can be assumed to have a Rankine
velocity profile [32] (free vortex at the center, forced vortex outside) and when it is
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expanded through the diverging section, the swirl velocity of the forced vortex region
decreases while the swirl velocity of the free vortex region remains the same. This
creates a pressure gradient that causes a portion of the flow to recirculate to create the
stabilizing central recirculation zone (CRZ) [21, 31] as mentioned in section 1.3. The
formation of the velocity and pressure gradients in the diverging section is shown in
Figure 1.15 [33].

Figure 1.15: Formation of velocity and pressure gradients in an expanding swirling flow.
w denotes the tangential velocity, u denotes the axial velocity.

Conditions that give rise to the formation of the CRZ have been explained by Gupta [33].
They found that its formation is a strong function of the swirl number (ratio of axial flux
of the angular momentum to the product of axial flux of the axial momentum and radius
of the section [33]) and is observed when it is >0.6. When there is sufficient swirl
intensity, the recirculation zone stops being axisymmetric and begins to precess about
the central axis [33, 34]. This results in the formation of a helical flow structure and this
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causes the flame and corresponding heat release to occur along a helical path. The
occurrence of the PVC has been reviewed by Syred [32] and Candel et al [34]. The
precession occurs in the direction of the flow and its frequency was observed to
increase with an increase in flow velocity. Vortex breakdown in the CRZ is generally seen
as a precursor to the formation of a PVC [32]. The phenomenon of vortex breakdown
has been explained by Sarpkaya [35] and reviewed by Lucca-Negro [36]. Sarpkaya [35]
defines vortex breakdown as the abrupt change of vortex structure in the core of a
swirling flow. The breakdown forms a spiraling vortex structure which causes the central
vortex to become unstable and precess about the central axis. Figure 1.16 shows a
tomographic image of a vortex core [37].

Figure 1.16: Tomographic image 3mm above burner exit using a horizontal laser sheet.
We can see from the figure that the vortex core is displaced from the centre. The effect
of the PVC on the combustion dynamics has been the topic of multiple studies [37 – 39].
Stöhr et al conducted an experimental study using chemiluminescence and
simultaneous PIV and OH-PLIF on turbulent swirling flames at a global equivalence ratio
of 0.65 at two different thermal powers (10KW and 35KW) and used POD to analyze the
dominant modes observed. The time averaged velocity profile obtained is shown in
Figure 1.17(a). The profile shows the presence of an inner recirculation zone (IRZ) and
an outer recirculation zone (ORZ) with two shear layers as shown in Figure 1.17(b) [38].

22

(a)

(b)
Figure 1.17: (a) Average velocity fields for 10KW and 35KW flames (b) RMS
values of velocity fields.

This study was conducted on a partially premixed flame swirl stabilized flame.
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There is an asymmetry seen in the velocity profile in Figure 1.17(a) which indicates the
presence of a PVC. There are also two shear layers observed (the inner shear layer or ISL
and the outer shear layer or OSL) across which velocity fluctuates rapidly. Although
some studies have observed the suppression of the PVC in the presence of a flame
except at very low equivalence ratios [32, 40], others have seen the prevalence of the
PVC in reacting flows. Their study reported the presence of 3 significant hydrodynamic
modes. The first and most dominant was the helical vortex structure which forms the
PVC near the inner shear layer. They also reported a secondary helical structure which
co-rotates around the PVC in the outer shear layer. The third was an exhaust tube
vortex. All 3 modes were observed to be more powerful in the flame with the higher
thermal power [38]. A 3D reconstruction of the modes by Stöhr is shown in Figure 1.18.

Figure 1.18: 3D Reconstruction of the dominant modes [38].
It was observed that as the mass flow rate and thermal power were increased, the
exhaust tube vortex grew in length. They also reported an almost linear increase in the
frequency of the PVC with increase in mass flow rate for both reacting and non-reacting
cases [38].
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The helical modes have been observed to have a considerable effect on the heat release
[37, 38]. Figure 1.19 shows the spectral power of the chemiluminescence data along
with the pressure data for a case without self-excited thermoacoustic instabilities
obtained by Moeck et al [37].

Figure 1.19: Power spectra for chemiluminescence data (left) and pressure data (right)
[37] without self-excited thermoacoustics.

There is peak seen in the chemiluminescence data at around 880Hz. This coincides with
the frequency of the PVC calculated in the study. Similar results were reported by
Steinberg et al [41].
The interaction of the helical modes, specifically the PVC with acoustic modes can
produce interaction modes through non-linear coupling [37, 38, 39, 41]. Multiple studies
have documented this phenomenon [37, 39, 41] using PIV and PLIF. The most commonly
seen coupling effect was the appearance of an interaction mode with a with frequency
value of the difference between the frequencies of the PVC and the dominant
thermoacoustic mode. The appearance of the interaction mode along with the helical
mode and the dominant acoustic mode is shown in Figure 1.20 [37].
However, the presence of acoustic forcing from the thermoacoustic instability was
shown to dampen the helical mode. As the amplitude of oscillations increased, the
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helical mode was seen to get dampened further. The heat release in the interaction
mode was observed to follow a swirling motion based on chemiluminescence
measurements. This is shown in Figure 1.20.

Figure 1.20: Power spectra for chemiluminescence data (left) and pressure data (right)
[37] with self-excited thermoacoustics. Presence of an interaction mode is seen in the
chemiluminescence data.

Figure 1.21: Phase averaged images of light intensity at interaction frequency.
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Acoustic forcing can cause the movement of the reaction zone upstream (at high
pressure) and downstream (at low pressure) which in turn affects the location of the
vortex core [39]. Steinberg [41] observed that the contracting of the PVC due to high
pressure caused an increased radial deflection of the incoming reactants which can
wrinkle the flame and alter reaction layer area.
Despite multiple studies, the knowledge of PVC-thermoacoustic interaction and its
effect on the heat release is limited and further study is required on this topic.

1. 5 Combustor Diagnostics

Analysis of a combustion dynamics in a combustor requires accurate and often
simultaneous measurement of many parameters. The analysis of instability requires
knowledge of both the pressure and heat release characteristics of the flame and the
acoustics of the chamber.
The easiest and most basic measurement that can be made is of the pressure behavior
in the combustor since they can be obtained from optically accessible chambers as well
as opaque metal chambers. Since acoustics of the chamber can cause pressure
oscillations in the order of kilohertz (KHz), high frequency (~250KHz) [42] piezoresistive
or piezoelectric pressure transducers are typically used. The power spectra of the high
frequency pressure-time data can then be used to identify dominant modes and their
power. Pressure measurements can be taken at any point in the combustor using a
pressure tap that connects the inside of the combustor at the desired location to the
transducer which is located outside the combustor.
The measurement of heat release however, is more challenging since there are no
methods to directly measure heat release rates experimentally. The study of heat
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release is hence mainly conducted by studying the luminosity of the flame. Although no
direct relationship exists for the exact measurement of heat release from the light
radiated by the flame, a monotonic relationship is presumed to exist between the flame
emission and heat release, sometimes even a linear relationship [19]. This principle is
used in the qualitative measurement of heat release using light sensitive objects like
photodiodes or photomultiplier tubes. Hydrocarbon flames emit radiation that can be
classified into continuous spectra and discontinuous spectra [43]. Emission from the
continuous spectra has its energy distributed in a non-discrete manner across a range of
wavelengths and is mainly constituted by soot radiation in the sooty regions of the
flame. Discontinuous spectrum emissions are made of narrow band emissions from the
excitation, de-excitation and recombination of atoms and radicals. Emissions from
isolated species like CH* and OH* are used for chemiluminescence measurements
which are explained later in this section. A hydrocarbon flame including both spectra
can emit over a large wavelength range from the ultraviolet (UV) region to the infrared
(IR) region. A plot of the emissions from a hydrocarbon flame for different wavelengths
is shown in Figure 1.22 [43].

Figure 1.22: Emission spectrum from typical hydrocarbon flames [43].
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This emission can be measured using devices like photodiodes and photomultiplier
tubes which produce an electric current proportional to the intensity of the incident
light signal. These devices can be effective in the study of combustion dynamics due to
their low response times which allows them to capture high frequency fluctuations of
flame emissions. Photodiodes used for this purpose are generally Si based. The
occurrence of temperature dependent dark current can however reduce the
effectiveness of these sensors and cooling the sensors becomes essential when
operated near flames of high thermal power. The description of a Si photodiode sensor
designed to monitor combustion processes is made by Arias et al [43].
An alternative to using photodiodes is to use high speed cameras to capture
chemiluminescence emissions from specific species in the flame. Excited radicals like
CH*, CO2* and OH* in flames emit electromagnetic radiation in specific wavelength
ranges. By observing this radiation, it is possible to measure the concentration of these
species in the flame. Since the presence of such excited radicals indicates the
occurrence of a reaction, it is possible to identify and analyze the different regions of
the flame. It is therefore possible to develop a correlation between the
chemiluminescence measurements and heat release or temperature. Making these
measurements would require the use of filters designed to filter around the
wavelengths of target species. CH*, OH* and CO2* are the most common indicators of
heat release. However, CO2 light emissions occur over a broad range and can influence
the measurements made around the CH* or OH* emission wavelengths [42]. Images of
chemiluminescence images captured by a high speed camera can then be used to
reconstruct hydrodynamic modes which can be especially useful when trying to visualize
the PVC. Chemiluminescence provides line of sight integrated measurements.
Figure 1.23 shows the averaged OH* chemiluminescence images obtained by Stohr et al
[38] for a swirl stabilized gas turbine combustor flame at a φ of 0.65. The regions of the
flame where heat release occurs can be identified from these images.
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Figure 1.23: Averaged OH* emissions for φ=0.65 [38].
Laser diagnostic techniques can be used to obtain more precise data on the flame.
Particle Image Velocimetry (PIV), Laser Induced Fluorescence (LIF) and Planar LIF (PLIF)
are commonly used techniques to analyze flame dynamics.
PIV uses tracer particles in the flow which are then tracked using light from a laser sheet
which is scattered by the particles and captured by a camera. This allows a very accurate
calculation of instantaneous velocity profiles in the flow.
LIF uses a laser to excite species in the flow, and these species on de-excitation, emit
radiation in narrow wavelength bands which can be used to detect species in a flame.
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Simultaneous PIV and OH-PLIF imaging can hence provide data on the velocity and the
species concentration in the flame. This has been performed in many studies [37, 38, 39,
41].
Figure 1.24 shows a schematic of the setup for conducting simultaneous PIV and OHPLIF.

Figure 1.24: Schematic of simultaneous PIV and OH-PLIF used by Boxx et al [39].
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1. 6 Project Objectives and Scope of Document

The end objective of experimentation on the LDI combustor is to obtain an
understanding of the physics that drive combustion instabilities in low emission systems
and attain predictive capabilities with a model that can be validated by the experiments
at high chamber pressures.

1.6.1 Objectives

The first phase of testing was conducted on an opaque metal chamber from which
instability could be studied from pressure measurements. Before moving to the next
phase of tests with the optical chamber, a series of intermediate tests were conducted
on the combustor using photodiodes to obtain flame light measurements to study the
heat release modes in along with the pressure modes. The primary objectives of using
the photodiodes are
x

The tests serve as a precursor to tests that will be conducted in the second
phase on an optically accessible chamber.

x

To attempt to study the unsteady heat release that occurs in the combustor and
compare them with the dynamic behavior seen in pressure data.

x

The photodiodes are the only transducers that can obtain data on flame heat
release in the diverging section of the of the venturi where the fuel injector is
located. Since it is an LDI system, mixing occurs over a very short distance and
the flame begins in the diverging section, just downstream of the fuel injector.
This region does not have optic access even with the optically accessible
chamber. The flame light emissions are hence studied using photodiodes in the
metal chamber with a new section designed to contain the venturi and the first
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module of the combustor in one piece. This section can accommodate both the
photodiodes and the pressure transducers.
x

To try and identify the swirling motion and hydrodynamic modes in the
combustor like the PVC which are predicted to occur in computational studies
[45]. Multiple photodiodes at multiple angular locations are installed at two
different axial locations. Phase data from the photodiodes in the same plane is
used to try and identify these modes.

1.6.2 Document Overview

The document is divided into 4 chapters. Chapter 1 provides an introduction into the
topic of combustion instability and the motivation behind its study. It presents a review
of the work that has been conducted in the field from the basics up to recent work.
Chapter 2 describes the experimental setup including the combustor and the peripheral
systems that feed and control in the conditions in the combustor. It also describes the
design of the photodiode section and the data acquisition systems. Chapter 3 presents
the results obtained from the pressure transducers and photodiodes for different test
conditions and an analysis of these results. Finally, Chapter 4 summarizes the
experiment and describes the future work that is planned for the LDI combustor.
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CHAPTER 2. EXPERIMENTAL SETUP

The experiments to study the combustion dynamics were conducted in a single element
combustor with a swirl venturi LDI arrangement. The experiments were conducted in
the GT (Gas turbine) cell in the ZL3 (High Pressure Lab) building at Maurice J Zucrow
Laboratories in Purdue University. The experimental facility consists of a high pressure
air line and liquid nitrogen storage along with fuel tanks for Jet A and other fuels. The
data acquisition is done remotely using LabView. These systems are explained in detail
in the upcoming sections of this chapter.

2.1 Preliminary Analysis of Combustor Using Linearized Euler Equation (LEE)

The experiment is designed to study the thermoacoustic instability and the dominant
hydrodynamic mode (PVC) that is observed in the simulations [44] for the same
combustor. The basic combustor design consists of a modular metal chamber which was
used to obtain pressure measurements from the thermoacoustic instabilities by Gejji et
al [45]. The chamber was designed using a Linearized Euler Equation (LEE) solver
developed by Yu et [46] al by Gejji [47]. Linearization of the compressible and unsteady
Euler equation was done by introducing small perturbations into the equation terms and
neglecting higher order terms. The form of the Euler equation used by Yu et al is shown
below along with the introduction of the perturbations.
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The preliminary analysis to determine the dimensions of the combustor was done using
the LEE solver which is based on a one-dimensional analytical model of longitudinal
combustion instability [47]. Euler equation models are among the simplest analytical
methods to model instability. The purpose of these models is to help calibrate or verify
more complex models with the help of the experiments [46]. In this case it also provides
a starting point for obtaining the dimensions of the experimental setup. The use of Euler
equations allows for inclusion of entropy waves along with acoustics in the chamber
when obtaining the solution.
Table 2.1 [47] shows the list of nominal operating conditions that serve as input
parameters for the model.
Table 2.1: Dimensions and Nominal Operation Parameters.
Fuel

-

Jet A

Oxidizer

-

Air

Inlet Air Temperature

(K)

600 – 825

Equivalence Ratio

-

0.4 – 0.6

Target Frequency

(Hz)

400

Inlet Boundary Condition

-

Constant mass flow from choked orifice

Exit Boundary Condition

Choked nozzle

Diameter of Combustor

(mm)

50.8 (2.0 inches)

Diameter of Air Plenum

(mm)

25.4 (1.0 inches)

The combustor is of single element geometry, but modular and the sections of both the
combustion chamber and air plenum can be added or removed to change the acoustic
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behavior. Configurations that can be assembled are 1/2 wave 3/8 wave and 1/4 wave
for the air plenum; 1/2 wave and 1/4 wave for the combustion chamber. Figure 2.1
shows the pressure and velocity fluctuation for first mode (400Hz) predicted by the
analytical model for two cases; 3/8 wave air plenum with 1/2 wave combustion
chamber, and 1/2 wave air plenum with 1/2 wave combustion chamber. The values
seen in the plot are normalized with the mean pressure and velocity in the chamber.
The zero axial distance location on the plot indicates the location of the LDI injector. The
region to the left of the zero is the air plenum and the region to the right is the
combustion chamber. We can see for both cases that minimum pressure occurs at or
close to the point of maximum velocity. The pressure oscillation is seen to be greater at
the antinode for the 1/2 wave air plenum case.

Figure 2.1: Normalized pressure and velocity fluctuations in the combustor for 3/8 wave
air plenum and 1/2 wave combustion chamber.
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Figure 2.1 Continued.: Normalized pressure and velocity fluctuations in the combustor
for 1/2 wave air plenum and 1/2 wave combustion chamber.

2.2 Combustor Components

The combustor consists of a choked air inlet followed by the air plenum, LDI element
(swirl venturi injector), combustion chamber and the choked exit nozzle. The choked
nozzle is used to maintain a constant mean chamber pressure of 1 MPa. The standard
combustor is instrumented with high frequency pressure transducers in all the sections
to obtain pressure oscillation measurements. In addition, there are low frequency
pressure transducers and thermocouples in all the sections.
The standard metal chamber used for the study of pressure oscillations is shown in
Figure 2.2 [45].
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Figure 2.2: Modular metal LDI combustion chamber for 1/2 wave air plenum and 1/2
wave combustion chamber configuration [45].

Each of the modules in the metal chamber is made of carbon steel and is capable of
withstanding steady state temperatures up to 900 K and mean chamber pressures up to
3 MPa. The components of the combustor designed by Gejji [47] are explained in this
section.

2.2.1 Air Inlet Section

The inlet section consists of an orifice that is choked to provide a constant mass flow
rate into the air plenum. It is designed to maintain a mass flow rate of 81.6 g/s of
oxidizer (air) at a nominal temperature of 750 K. This varies slightly as the combustor
inlet air temperature ranges from 600 K to 825 K. The tests conducted with the
photodiodes used a slotted orifice configuration for the air inlet. The section was
machined from a 1” pipe, 600 lb. class blind flange. A schematic of the the section
designed by Gejji [47] is shown in Figure 2.3.
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Figure 2.3: Slotted orifice air inlet section.

2.2.2 Air Plenum and Combustion Chamber

The air plenum and combustor are made of multiple modules which can be added or
removed to change the length and configuration of the combustor. The air plenum can
be configured to 1/4 wave, 3/8 wave or 1/2 wave. It is machined out of a 25.4mm pipe
of schedule 80. The different sections of the air plenum are connected using 600 lb.
class blind flanges. The configuration used for the photodiode and chemiluminescence
experiments is a 3/8 wave air plenum.
The combustion chamber is made up of similar sections using a 50.8mm schedule 80
pipe. The experiments with the photodiodes used a 1/2 wave configuration for the
combustion chamber. The fuel injector and swirler are located at the C-D venturi
through which the air plenum and combustion chamber are connected. Figure 2.2
shows the schematic assembly of the air plenum.
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2.2.3 Swirl-venturi Injector

The fuel is injected into the combustor through a swirl venturi injector at the exit of the
air plenum. The fuel is introduced into the system through a pressure swirl atomizer
with a flow number of 1.32 (in (lb/hr)/ඥ). The pressure swirl atomizer was obtained
from Woodward Inc. The flow number as a function of mass flow rate (ṁ), pressure
drop (∆P) and density(ρ) is defined by the relationship given in Equation 2.2 [48] as
 ܰܨൌ 
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Figure 2.4 shows an image of the fuel injector-swirler assembly [47].
Swirler Vanes

Fuel Injector
Figure 2.4 : Swirl injector assembly (left), fitted in the combustor section (right).
This injector is located at the centre of the swirler and is surrounded by the swirler
vanes. The swirler consists of six axial helical vanes, each with a leading angle of 60°.
This arrangement creates a swirling of co-flow of air around the injector. This air can
interact with the fuel spray from the injector to allow fuel oxidizer mixing which causes
the LDI flame to behave like a partially premixed flame. The swirler-injector assembly is
located inside the C-D venturi such that the tip of the injector is close to or at the throat
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of the venturi. The swirling flow expanded through the C-D section can create a
recirculation zone as described in Section 1.3.

2.2.4 Exit Nozzle

To maintain a constant mean pressure in the combustor, the exit section is made of a
choked nozzle which restricts the flow rate out of the combustor to maintain the
pressure inside at 1 MPa. It is machined out of a 600 lb. class 50.8 mm blind flange.
Figure 2.5 shows an image of the exit nozzle [47].

Figure 2.5: Exit nozzle of the LDI combustor.
The components described above are part of the combustor for all experiments. The
photodiode experiments use specific components that differ from the standard
combustor and are described in the following sections of this chapter.
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2.3 Photodiode Section

After obtaining pressure data from the metal chamber [45], measurement of the flame
light emissions and detection of a PVC or other swirling mode was attempted using
photodiodes in the next set of experiments. The objective of these experiments was to
obtain preliminary data on the heat release modes and possible occurrence of a swirling
mode in the metal chamber before transitioning to the optically accessible chamber.
The photodiodes were used to collect line-of-sight light measurements from the flame.
Measurements were to be taken from both the diverging section of the combustor as
well as the region behind the dump plane in the combustion chamber. For this section,
the converging diverging section is machined into the first module of the combustion
chamber in order to accommodate the photodiodes that are used to collect light
emissions from the diverging section of the venturi. Figure 2.6 shows a sketch of the
design along with a sectional view of the interior indicating the venturi and the dump
plane.

C-D Venturi

Dump Plane
Figure 2.6: First module of combustor with the venturi machined at its end for the
photodiode experiments (left) with sectional view (right).

This section is machined out of a metal cylinder and consists of the converging-diverging
venturi at one end. The other end has a flange welded on it. This section is connects the
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downstream modules of the combustion chamber with the air plenum using tie rods. A
graphoil gasket is used for sealing between the combustor section with the air plenum
section. The ports to accommodate the photodiodes were welded on the section at two
different axial locations; at the diverging part of the venturi and downstream of the
dump plane. The photodiodes receive light emissions from the flame through holes
drilled into the combustor. The diameter of the holes for the first two sets of
experiments was 1/8”, and then increased to 0.175” for the last set of experiments to
allow the photodiodes to collect more light. The schematic of the assembly of the
section in the combustor and section with the ports is shown in Figure 2.7.

Drilled holes

Air Plenum

Combustor module
with venturi section
(a)
Photodiode port

Spark plug port

(b)
Figure 2.7: (a) Assembly of section into the combustor (sectional view), (b) photodiode
section with ports.
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Both the axial planes containing photodiodes accommodate three photodiodes each.
Two of the photodiodes are offset from the central axis of the combustion chamber
while one is not. The schematic of the arrangement of the ports in each plane is shown
in Figure 2.8.

Port 1,4 – Offset

Port 2,5 – Not
Offset

Port 3,6 – Offset

Figure 2.8: Sectional view of location of ports in axial planes containing photodiodes.
The ports are numbered in the clockwise direction. The first three ports are located over
the diverging section and the other three are located over the combustion chamber,
downstream of the dump plane approximately 1.75” from the dump plane. Due to the
offset, the angle between ports 1 and 2 (4 and 5) is 101.3° and the angle between ports
2 and 3 (5 and 6) is 77.9°.
Each of the photodiode ports consists of a cooling tube through which nitrogen flows
throughout the experiment. This is done in order to cool the ports and prevent
overheating of the photodiodes. The flow of nitrogen is maintained at approximately 3%
of the total air flow rate through the combustor and the nitrogen exits into the
combustor.
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The actual section with all the photodiodes assembled is shown in Figure 2.9.

Photodiodes
Cooling tubes

Figure 2.9: Combustor section with photodiodes installed.
All the elements of the combustor downstream of the C-D venturi are of identical
geometry to ensure that the system behaves like a single element gas turbine
combustor in which instability can be created and studied.
The photodiodes were assembled onto threaded steel ports containing a window to
allow light from the flame to pass through while the keeping the light sensitive element
of the photodiode isolated from the hot combustion gases.. The length of the lens tube
can be varied by adding or removing modules of the tubing to the port. Since the
photodiode is a larger transducer physically than the other sensors, the lens tube was
made long enough to ensure that the transducers did not clash during assembly. This
however, reduced the field of view of the photodiode further. The cooling tubes of all
the photodiodes were connected to a manifold which was linked to the nitrogen purge.
The nitrogen flows into the port through the tube to cool the port exits from the port
into the combustor. Since the cooling nitrogen flows into the combustor, its flow rate
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through the combustor was restricted to ~4% of the total flow rate to ensure it did not
significantly alter the combustor dynamics. Figure 2.10 shows the assembly of the
photodiode on the port.
Cooling tube

Glass window

Lens tube
Nitrogen exit point
Photodiode

Figure 2.10: Photodiode assembled on the port.
These ports are then assembled on the combustor as shown in Figure 2.9. Figure 2.14
shows the combustor setup with the pressure transducers, photodiodes and the
connecting cables.

46

Photodiode
section

Figure 2.11: Photodiode section assembled on the combustor.
The assembly of the photodiodes is schematically shown in Figure 2.12.

Plane A

Plane B

Figure 2.12: Planes containing photodiodes.

47
The photodiodes are assembled on two axial planes (Plane A and B) in the combustor.
Plane A is near the end of the diverging section of the C-D section. Plane B is in the
downstream section of the combustor about 2 inches from the dump plane.

2.4 Facility Description

The gas turbine test cell consists of multiple peripheral systems that supply air, nitrogen,
fuel and cooling water and a data acquisition system to obtain data from the
transducers on the test rig and these are discussed with respect to the LDI test rig in this
section.

2.4.1 Heated Air Supply

The air supply for this experiment comes from large compressible air tanks that can
store up to 60m3 (2000 ft3) of air at a supply pressure of approximately 15MPa (2200
psi). This air supply is divided into the primary and secondary air supplies in the High
Pressure Lab. The LDI experiment only uses air from the secondary air supply and is
controlled using a system of venturis. The air can be heated and supplied to the
experiments in the GT cell using two heaters; a larger natural gas fired heater and a
smaller electric heater. All the air supplied to the LDI test rig comes from the electric
heater which provides pre-heated air up to 850K and a maximum flow rate of 0.45kg/s.
The air from the heater is routed to the rig through pipes insulated with mineral wool to
reduce radiative heat loss.
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2.4.2 Fuel Supply

Fuel is supplied to the test rigs using a 7.5 hp pump from fuel tanks that are located
outside the test cell. There are two fuel tanks available, one with Jet A fuel and the
other with Fischer Tropsche (FT) fuel and both have a capacity of 1060L (280 gal). The
pump is used to supply fuel into the test cell and is capable of doing so at a maximum
pressure of 1 MPa (1500 psi) and a mass flow rate of 0.45 kg/s (1 lb/s). The fuel flow into
the cell is split into a main line and a pilot line. The LDI experiment only uses the main
line due to low fuel flow rate requirements. The facility consists of an isolation valve and
flow control valves through which the fuel must flow before reaching the test rigs. The
fuel lines consist of multiple filters which prevent particulate contaminants from
entering the fuel tank or clogging the system. Fuel remaining in the lines can be pumped
back into the tank. This is useful in preventing mixing of fuels since each fuel is
completely purged back into its tank before another fuel is used.

Figure 2.13: Fuel supply for the gas turbine cell
Figure 2.14 shows the arrangement of the fuel control panel inside the test cell.
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Fuel oxygen
sensor
or

Isolation valve
(Main fuel line)

Flow control valve
(Main fuel line)

Coriolis flow
meters

Flow control valve
(Pilot fuel
el line)

Isolation valve
(Pilot fuel line)

Figure 2.14: Fuel control panel inside the gas turbine cell
Since the fuel can contain significant amounts of dissolved O2, it is sparged by flowing
nitrogen through the fuel in the tank and the dissolved O 2 content is monitored by
sampling the fuel to ensure that there is minimal dissolved oxygen. This is essential to
prevent auto-oxidation of the fuel in the lines as it can result in coking of the fuel. Figure
2.13 shows the fuel tanks outside the test cell.
The fuel flow rate to the combustor is controlled using needles valves (fuel control
valves). The flow rate of fuel is monitored using a Coriolis flow meter for both the main
and pilot lines. These flow meters work by using the Coriolis forces generated by a the
turning of the fluid flow around a bend. In addition to providing information about fuel
flow rate, the Coriolis flow meter data is also used to calculate the equivalence ratio of
the flame in the combustor. A schematic of the Coriolis flow meter is shown in Figure
2.15.
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Figure 2.15: Coriolis flow meter schematic
The oxygen sensor is used to measure the dissolved oxygen content in the fuel. Oxygen
levels in the fuel in the line are continuously monitored. Nitrogen sparging of the fuel is
carried out to ensure that the fuel contains less than 0.5% dissolved oxygen.

2.4.3 Nitrogen Supply

In addition to being used to sparge the fuel, a nitrogen purge is maintained through all
the experiments in the gas turbine cell to maintain an inert atmosphere in the test rigs
when combustion is not occurring. This purge has to be turned off before ignition. The
LDI experiment with the photodiodes also uses a nitrogen flow through the photodiode
ports as a cooling mechanism. The flow rate of nitrogen through the cooling was
restricted to ~4% of the total flow rate to ensure that the nitrogen did not alter the
combustor dynamics. The nitrogen for the purge and the fuel sparging is provided from
two liquid nitrogen tankers outside the test facility. The tankers hold the nitrogen in
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containers pressurized to 41 MPa (6000 psi) and can supply nitrogen to the entire test
facility.
2.5 Data Acquisition and Instrumentation

The experiment and peripheral systems like the valves and nitrogen purge in the cell are
controlled using LabView®. The LDI test rig has its own virtual instrument (VI) allowing
control of all the relevant parameters for the experiment. Two sets of data are obtained
from this experiment; the low frequency data and high frequency data.

2.5.1 Low Frequency Data Acquisition

Low frequency data is obtained directly through LabView which is capable of obtaining
16 bit data at a sampling rate of 2 KHz. This includes fuel flow data from the Coriolis flow
meter, air mass flow rate data, low frequency pressure data and temperature data from
k-type thermocouples. The pressure transducers and thermocouples are positioned on
different locations across the combustor. The air flow rate for the experiment is kept
relatively constant throughout the experiment using a choked orifice at a value of ~80
g/s. Hence, the fuel flow rate data from the Coriolis flow meter allows calculation of
equivalence ratio. Low frequency pressure data is obtained from GE Sensing UNIK 5066
transducers with a full scale range up to 1.36 MPa (200 Psi) and accuracy of 0.04% of the
full scale reading positioned across the experiment in both the air plenum and the
combustor. Temperature measurement is made using k-type thermocouples which are
also positioned near the same axial locations as the low frequency pressure transducers.
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2.5.2 High Frequency Data Acquisition

The combustor is expected to have dominant modes occurring in a range of frequency
from 350 Hz for the first acoustic mode to up to 9000 Hz for the transverse modes. Due
to this, low frequency sampling at 2 KHz will not suffice for the study of the combustor
dynamics. To obtain data about these frequencies, a DataFlex 1000 series high
frequency data acquisition system with a sampling rate configuration of 100 KHz was
used. The system was obtained from DSPCon®. The system is capable of measuring both
high frequency AC-coupled and DC-coupled data. This data is then exported and
reduced in Matlab. High frequency data for the LDI experiments described in this
document is obtained for two parameters; pressure and flame light emission.
Pressure measurements were made using either of two pressure transducers; Kulite 312
series peizoresistive transducers and PCB S112A22/ JS112A23 piezoelectric transducers.
Both of these transducers can obtain data at 100 KHz and have sensitivities in the range
of 50-100mV/psi. Most of the pressure data for the experiments with the photodiodes
was obtained from the Kulite transducers. These transducers are water-cooled to
prevent thermal damage from the high temperatures that occur in the rig. The ports on
which they are mounted consist of water cooling jackets. The design of the ports for the
pressure transducers is shown in the Appendix B. High frequency pressure transducers
are mounted across the air plenum and combustion chamber at various axial locations.
Light emissions from the flame were made using high speed DET 10A photodiodes
obtained from Thorlabs. These photodiodes consist of silicon based photodetectors
which produce a current when light is incident on them and have different
responsivities for a range of wavelengths from 200 nm to 1100 nm (operating range).
The signals from the photodiodes are fed to the DataFlex system through RG 58 coax
cables. The specifications and responsivity chart of the DET 10A are given in Appendix A.
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CHAPTER 3.

RESULTS AND DISCUSSION

Experiments were conducted on the metal chamber instrumented with high frequency
pressure transducers and photodiodes. The dynamics of this system (with the
photodiodes and nitrogen flow) were checked against the dynamics of the system
without the photodiodes (using pressure data from both experiments). The combustor
dynamics did not appear to change visibly from the introduction of the nitrogen flow.
The ignition characteristics do seem to be affected by the nitrogen flow as the lowest
lean blowout equivalence ratio observed in the experiments with the photodiodes (and
nitrogen flow) was ~0.39 at an inlet air temperature of 800K compared to a lean
blowout at ~0.36 for the experiments without the photodiodes/nitrogen flow.

3.1 Data Reduction and Observations

A total of about 20 individual tests were conducted with the photodiode instrumented
section over 3 test days (Test ID groups R, S and X). The photodiodes inherently had a
very low signal-to-noise ratio and were prone to saturation and the setup was
successively modified for each test day. Due to this, the best data was obtained on the
final test day (Test ID group X). Hence most of the results described in this section are
from the final test day. All the tests were conducted for a geometry of a 3/8 wave air
plenum and 1/2 wave combustion chamber. Reliable and well correlated data was
obtained for inlet air temperatures of 700K, 750K and 800K with multiple equivalence
ratios for each case. Table 3.1 summarizes the operating conditions achieved during the
tests under group X.
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Table 3.1: Summary of conditions tested with the photodiodes.
Test ID

Inlet air temperature

Equivalence ratio

(K)

range

X1, X2

800

0.64 – 0.39

X4, X5

750

0.65 – 0.45

X7

700

0.63 – 0.49

Active monitoring of the combustor is done on the VI using the low frequency pressure
and temperature data which are acquired at 100 Hz. Air is passed through the electric
heater to raise its temperature to the required level before it enters the air plenum of
the experiment. The mass flow rate of air is maintained around 80g/s and this value is
used to calculate the equivalence ratio at which the combustor operates. The nitrogen
purge to the combustor is then turned off and ignition is initiated using a spark in the
combustor at which point fuel flow is also started. Depending upon the inlet air
temperature, ignition is achieved at equivalence ratios ranging from ~0.70 (for inlet air
temperature of 800K) to values greater than 1 (for inlet air temperature of 700K). These
values are higher than the φ values required for ignition in the experiments without the
photodiodes due to the additional nitrogen flowing through the photodiode ports.
Once ignition is achieved, the fuel flow rate (and equivalence ratio) is kept constant for
about 3 – 5 seconds and the fuel flow rate is then decreased. The fuel flow is reduced in
steps and maintained constant the same duration for different equivalence ratio steps.
This is done until blowout occurs in the system. A test typically lasts about 25 seconds.
Over the duration of the test, low frequency pressure, mass flow rate and equivalence
ratio data is obtained at a 100Hz and high frequency data is obtained from the high
frequency pressure transducers (from the air plenum and the combustion chamber) and
the photodiodes. The photodiodes are located in two axial planes as shown in section
2.3. Figure 3.1 shows a sample of equivalence ratio for the 800K inlet air temperature
test case (X1) indicating the steps where equivalence ratio is maintained constant.

55

Equivalence ratio steps

Figure 3.1: Equivalence ratio data for test case X1.
Figure 3.2 shows the plot of temperature in the air plenum and combustion chamber for
test case X1.

Figure 3.2: Temperature during test in air plenum and combustion chamber.

Since the low frequency and high frequency data are acquired independently, they are
synchronized using the ignition peak as the reference. The ignition peak is very
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prominently seen in both the low frequency pressure data and the high frequency
photodiode and pressure data.
Figure 3.3 highlights the ignition spike for the low frequency and high frequency
pressure data for the test case X1.

Figure 3.3: Raw data showing ignition spike for low frequency pressure data (top left),
high frequency pressure data (top right) and photodiode data (bottom).
Using the ignition spike as a reference, the equivalence ratio can be identified in time in
the high frequency pressure and photodiode data. The raw high frequency data is first
high-pass filtered to remove any unwanted noise. The normal high-pass filter frequency
for the pressure data is 70Hz. One issue that is encountered with the photodiode data
though is the rising temperature in the combustor causes the photodiode sensor
element to heat up. This results in the increase of the thermal voltage and consequently
the leakage current produced by the diode. This results in the production of large
amounts of thermal noise in the data from the photodiodes. In addition to this, there is
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also infra-red radiation from the flame and the hot combustor walls. This effect can be
seen in the raw data as shown in Figure 3.4.

(a)

(b)
Figure 3.4: Photodiode raw data for test case X1 from (a) diverging section (Plane A) and
(b) combustion chamber (Plane B) showing increase in thermal noise with time.

From Figure 3.4, we can see that the photodiodes in the combustion chamber (plane B)
are seen to saturate much faster than those in the diverging section (plane A) as there is
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less material in the walls of the combustion chamber to absorb the heat. Due to this,
more equivalence ratio conditions can be analyzed for the data from the diverging
section than from the combustion chamber.
This noise is concentrated from 0 Hz (DC component) up to about 900Hz with a large
portion of it occurring at frequencies up to 200Hz. The 1L mode in the combustor occurs
around 320-350Hz. To observe this mode, the photodiode data is first high-pass filtered
at 250Hz. A power spectral density (PSD) plot is then made from the high-pass filtered
data to identify the dominant modes present. To confirm the existence of these modes
a cross correlation/auto-correlation of the high pass filtered signal is performed. The
existence of the mode is only confirmed if the cross-correlation produces a sinusoidal
waveform.
Once the peaks are identified in the PSD, the raw data is band-pass filtered around
these peak frequencies to extract the signal at the target frequency. Since the data is
obtained from all photodiodes simultaneously, phase data of the signals at the
photodiodes can be found from the band-passed signal. Whenever peaks are observed,
the signal is band-passed around those frequencies to obtain phase data at the
particular frequency. The bandwidth is chosen for the band-pass filter based on the
width of the peak in the PSD.
The phase data calculated in each of the photodiode planes can be used to identify any
swirling motion that maybe present in the combustor. The focus is mostly on the
photodiodes in the diverging section since optic access cannot be obtained for the
venturi section of the combustor where the flame begins.
Since the pressure data has a much higher signal-to-noise ratio, the modes can be easily
identified and analyzed. All of the acoustic modes show up as prominent peaks in the
pressure data. The dominant (and prominent) modes seen in the photodiode data are
the 1L, 4L and 8L modes. In a handful of cases, the 12L mode can also be seen in the
photodiode data. The modes visible in the photodiode data for various conditions are
given in Table 3.2.
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Table 3.2: Dominant modes visible in photodiode data at various test conditions.
Inlet Air
Temperature (K)

Equivalence Ratio

0.64

Modes seen in
Diverging
Section
1L, 4L, 8L, 12L

Modes seen in
Combustion
Chamber
4L, 8L, 12L

800
800

0.60

1L, 4L, 8L, 12L

4L, 8L, 12L

800

0.45

None

None

800

0.39

None

None

750

0.65

1L, 4L

1L, 4L, 8L

750

0.60

1L, 4L

1L, 4L

750

0.55

1L, 4L

1L, 4L, 8L

750

0.45

1L

None

700

0.63

1L, 4L, 8L

1L, 4L

700

0.60

1L, 4L, 8L

1L, 4L

700

0.51

None

None

For each of the test cases, phase calculations were performed on the dominant modes
whenever 2 or more photodiodes in each plane show the presence of the mode. For
some conditions the mode may appear in a particular plane in only one of the diodes
and phase calculations cannot be performed in such cases. The phase angles calculated
have an uncertainty due to shifts produced by the band-pass filtering process. This shift
can create an uncertainty of up to 18 o. Phase analysis of the 1L mode for all the test
conditions shows that it is a purely longitudinal mode (all three photodiodes in each
plane produce signals that are completely in phase). Hence only phase calculations for
the 4L and 8L modes are given below in Tables 3.3, 3.4 and 3.5. All the phase
calculations are made with respect to photodiode 1 in the diverging section (Plane A)
and photodiode 4 in the combustion chamber (Plane B). The arrangement of these
photodiodes is shown in section 2.3.
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Table 3.3: Phase calculations for inlet air temperature of 800 K.
Phi

Mode

Frequency
(Hz)

0.64
0.64
0.60
0.60

4L
8L
4L
8L

1385
2774
1382
2762

Phi

Mode

Frequency
(Hz)

0.64
0.64
0.60
0.60

4L
8L
4L
8L

1385
2774
1382
2762

Phase difference(Diverging section)
(Degrees)
Photodiode 1 Photodiode 2 Photodiode 3
0
198
-21
0
94
N/A
0
54
-153
0
102
37
Phase difference(Combustion chamber)
(Degrees)
Photodiode 4 Photodiode 5 Photodiode 6
0
-104
N/A
N/A
N/A
0
-112
-67
0
118
N/A

Table 3.4: Phase calculations for inlet air temperature of 750 K.
Phi

Mode

Frequency
(Hz)

0.65
0.65
0.60
0.60
0.55
0.55

4L
8L
4L
8L
4L
8L

1361
2722
1352
2707
1340
2692

Phi

Mode

Frequency
(Hz)

0.64
0.64
0.60
0.60
0.55
0.55

4L
8L
4L
8L
4L
8L

1361
2722
1352
2707
1340
2692

Phase difference(Diverging section)
(Degrees)
Photodiode 1 Photodiode 2 Photodiode 3
0
-9
5
N/A
N/A
N/A
0
106
10
N/A
N/A
N/A
0
N/A
9
N/A
N/A
N/A
Phase difference(Combustion chamber)
(Degrees)
Photodiode 4 Photodiode 5 Photodiode 6
0
-122
N/A
0
N/A
N/A
0
-127
-2
N/A
N/A
N/A
0
-155
N/A
0
N/A
N/A
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Table 3.5: Phase calculations for inlet air temperature of 700 K.
Phi

Mode

Frequency
(Hz)

0.63
0.63
0.60
0.60

4L
8L
4L
8L

1349
2698
1343
2686

Phi

Mode

Frequency
(Hz)

0.63
0.63
0.60
0.60

4L
8L
4L
8L

1349
2698
1343
2686

Phase difference(Diverging section)
(Degrees)
Photodiode 1 Photodiode 2 Photodiode 3
0
173
2
0
-43
N/A
0
199
10
0
N/A
N/A
Phase difference(Combustion chamber)
(Degrees)
Photodiode 4 Photodiode 5 Photodiode 6
0
-93
18
N/A
N/A
N/A
0
N/A
N/A
N/A
N/A
N/A

The amplitudes (P’) of the dominant instability modes from the pressure data from the
start of the combustion chamber are given in table 3.6 for different conditions.

Table 3.6: Dominant instability modes and amplitudes from pressure data.
Inlet air
temperature
(K)

Equivalence
Ratio

Dominant
mode

Total P’ in
air
plenum
(kPa)

Total P’ in
combustion
chamber
(kPa)

4L

Dominant
mode P’ in
combustion
chamber
(kPa)
106.06

800

0.64

163.2

165.3

800

0.60

4L

85.32

135.8

134.5

800

0.45

1L

18.5

74.2

62.6

800

0.39

1L

14.4

71

73.2

750

0.65

4L

110.76

149.7

166.1

750

0.60

4L

82.54

120.1

145.4

750

0.55

4L

63.8

103.1

121.6

750

0.45

4L

7.112

56.1

50.1
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Table 3.6 Continued:
700

0.63

4L

94.48

124.8

169.7

700

0.60

4L

83.2

104.6

168

700

0.51

3L

9.6

57.8

67.7

Based on the tables provided above, the combustion dynamics observed for the
different operating conditions are described below.

3.2 Test Cases

Inlet Air Temperature 800 K:

This was the highest inlet air temperature condition tested. The pressure data shows
that this is the least unstable test case.

Equivalence Ratio: 0.64:
Figure 3.5 shows the high pass filtered pressure data and the PSD of the pressure data
from the first module of the combustion chamber.

Figure 3.5: High pass filtered pressure data (left) and PSD (right) from combustion
chamber start for case X1, φ = 0.64.
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We can see from this data that the 4L mode and its harmonics are the dominant
frequencies in the pressure data for this test condition. At the entrance of the
combustor, the 4L mode is seen to be the most dominant. However, further down in the
combustor, the 8L and 12L modes are seen to become comparable in power to the 4L
mode. The 1L mode while visible is much weaker than the 4L mode in the pressure data
unlike in the photodiode data as seen in Figure 3.6.
Figure 3.6 shows high pass filtered data and the PSD for a photodiode (photodiode 2)
from the diverging section along with the signal band-passed around the 1L mode. The
data only shows two of the three diodes (photodiode 1 and photodiode 2) as the third
diode did not pick up the 1L mode.

Figure 3.6: High-pass filtered photodiode data (top left), PSD of photodiode data (top
right) and band-pass filtered data for case X1, φ = 0.64.
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The 1L, 4L, 8L and 12L modes are observed in the photodiode data from the diverging
section. The 1L mode is seen to be purely longitudinal in nature as seen in the band-pass
filtered data in Figure 3.6. It is also seen to be the most powerful mode under this
condition in the photodiode data in contrast to the pressure data where the 4L mode
dominates. The 4L mode is seen in all three of the photodiodes in the diverging section
and hence band-pass filtering data around this frequency can provide information on
the phase difference between the signals and indicate the existence of possible swirl.
Two of the 3 photodiodes also pick up the 8L mode and these two signals are also bandpass filtered at the 8L frequency. Figure 3.7 shows the data band-pass filtered around
the 4L and 8L frequencies.

Figure 3.7: Band pass filtered photodiode data from diverging section for 4L mode (left)
and 8L mode (right) for case X1, φ = 0.64.
The band-passed data and the phase calculations on the 4L mode indicate that there is a
phase difference between the photodiode signals in the same plane. Specifically, the
two opposing offset photodiodes are in phase while the non-offset photodiode is out of
phase. This indicates that the mode is not purely longitudinal in nature. The 8L mode is
visible in photodiodes 1 and 2 in the diverging section. Geometrically, these two diodes
are 101o apart. Band-passing around the 8L frequency for these two diodes indicates a
phase difference of 94o. This indicates that there is a possibility of a swirl occurring at or
around the 8L frequency. The interaction of this swirl with the acoustic 4L mode may
cause distortion of the swirl and the periodic distortion of this swirl can cause the phase
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difference observed in the 4L mode. Figure 3.8 shows a PSD and the data band-pass
filtered around the 4L frequency from the combustion chamber photodiodes.

Figure 3.8: High pass filtered photodiode data from combustion chamber (above),
photodiode data from the combustion chamber band-passed around the 4L frequency
(below) for case X1, φ = 0.64.

The photodiodes in the combustion chamber only showed the presence of the 4L mode
and in one case, 8L and 12L. This does not however not rule out the presence of the 1L
mode in the data from the other diodes as it may simply be obscured by the thermal
noise which is of a very high amplitude at this condition. The 8L mode is also only
observed for one of the diodes and hence phase data could not be calculated. The 4L
mode was visible in all three photodiodes and phase calculations could be made. The
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two opposing offset photodiodes are in phase while the non-offset photodiode is out of
phase.

Equivalence Ratio: 0.60:
The results obtained for this equivalence ratio are very similar to the condition with an
equivalence ratio of 0.64. The pressure data from the start of the combustion chamber
shows the presence of a dominant 4L mode and its harmonics.
High-pass filtered pressure data and its PSD are shown in Figure 3.9.

Figure 3.9: High-pass filtered pressure data (left) and PSD (right) from start of the
combustion chamber for case X1, φ = 0.60.
We again see that the 1L mode is much weaker than the 4L mode unlike in the
photodiode data. Figure 3.10 shows high pass filtered data from the diverging section
along with the PSD and photodiode data band-passed around the 1L mode.

Figure 3.10: High pass filtered photodiode data (left) and its PSD (right)
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Figure 3.10 Continued: Band-pass filtered (around 1L frequency) data for diverging
section for case X1, φ = 0.60.
The 1L mode observed at a similar magnitude and was purely longitudinal in nature as
seen from the band-pass filtered data. The 4L mode was seen to be the most powerful
but unlike in the pressure data, it was not much stronger than the 1L mode. All of the
photodiodes in the diverging section were able to pick up the 1L and the 4L mode. The
8L mode was picked up by photodiodes 1 and 2. The 12L mode was also picked up
photodiode 2 (not offset). Figure 3.11 shows the photodiode data from the diverging
section band-pass filtered around the 4L and 8L frequencies.

Figure 3.11: Photodiode data from diverging section band-pass filtered at 4L frequency
(left) and 8L frequency (right) for case X1, φ = 0.60.
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At the 8L mode, the phase difference was similarly calculated between diodes 1 and 2
(which picked up this mode) which are geometrically 101 o apart. The phase difference
between these signals was found to be 102o. This again serves as an indicator that there
is a possible swirling motion happening at or around the 8L frequency.
The photodiodes in the combustion chamber show similar modes for this condition as
those in the diverging section. The 4L, 8L and 12L modes are prominently seen in the
data from the photodiode data from the combustion chamber. The 1L mode although
not visible, may be present but obscured by the high amount of thermal noise that
occurs at this condition in the combustion chamber.
Figure 3.12 shows a sample PSD of a photodiode signal and data band-passed around
the 4L and 8L frequencies.

Figure 3.12: PSD of photodiode signal from combustion chamber (top) and band-pass
filtered signal (4L frequency bottom left, 8L frequency bottom right) for case X1, φ =
0.60.
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The signals band-passed around the 4L mode show a phase difference between the
diodes in the combustion chamber. At the 8L mode, the phase difference was similarly
calculated between diodes 4,5 and 6. We see that there is a phase difference of 118o
between photodiodes 4 and 5 but photodiodes 5 and 6 are in phase. Hence there is a
possible swirling motion around the 8L frequency but since the photodiodes 5 and 6 are
in phase, this remains inconclusive.
The cases described above (equivalence ratios of 0.64 and 0.60) can be categorized as
high equivalence ratio cases. The following conditions presented (equivalence ratios
0.45 and 0.39) are categorized as low equivalence ratio cases.

Equivalence ratio: 0.45
The dynamics of the combustor change considerably when transitioning from higher
equivalence ratios to lower values. This change in the dynamics occurs at an equivalence
ratio of ~0.54. At this point, the 4L mode is no longer dominant in either the pressure or
the photodiode data. Figure 3.13 shows high-pass filtered pressure data and its PSD.

Figure 3.13: High pass filtered pressure data (left) and its PSD (right) from combustion
chamber start for case X1, φ = 0.45.
It is clear from

the pressure data that the amplitude of pressure oscillations is

significantly reduced. The total instability amplitude is seen to drop from 134.5 kPa at a
phi value of 0.60 to 62.6 kPa as shown in Table 3.6. This is also reflected in the PSD
where the dominant mode powers have significantly dropped. The PSD shows that the
power is now distributed over the first 7 acoustic modes (1L to 7L).
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At these lower equivalence ratios, the photodiodes do not pick up any dominant modes
in the combustor. Figure 3.14 shows high-pass filtered data from the diverging section
along with its PSD.

Figure 3.14: High pass filtered photodiode data from the diverging section (left) and its
PSD (right) for case X1, φ = 0.45.
No modes are visible in the photodiode data. However, this does not mean there are no
heat release modes present in the combustor as they may exist but not be strong
enough to be visible in the PSD. Due to this, phase information could not be obtained at
this condition. The photodiodes in the combustion chamber were also unable to pick up
any modes in their PSD.

Equivalence ratio 0.39:
This was the lowest equivalence ratio obtained in any of the tests with the photodiodes
section on the LDI combustor. The dynamics of the combustor in this condition are
similar to the dynamics at a phi value of 0.45. Figure 3.15 shows high pass filtered
pressure data from the combustion chamber start and its PSD.
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Figure 3.15: High pass filtered pressure data (left) and its PSD (right) from combustion
chamber start for case X1, φ = 0.39.
The power is seen to be distributed over the first 7 acoustic modes as in the previous
condition. The maximum pressure oscillation amplitude in this condition is slightly
higher than the previous case possibly due to the flame being close to blowout. No
modes are visible in the PSD pf the photodiode data from either axial location. Figure
3.16 shows high-pass filtered data from the diverging section along with its PSD.

Figure 3.16: High pass filtered photodiode data from the diverging section (left) and its
PSD (right) for case X1, φ = 0.39.

Inlet Air Temperature 750 K:

The tests conducted at an inlet air temperature of 750 K showed similar dynamic
behavior in the combustor. This case was seen to be slightly more unstable than the
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previous case (at 800 K). Blowout occurred at higher equivalence ratios at this
temperature (~0.42 compared to 0.39).

Equivalence ratio 0.65:
Figure 3.17 shows the high pass filtered pressure data and the PSD of the pressure data
from the start of the combustion chamber.

Figure 3.17: High pass filtered pressure data (left) and PSD (right) from combustion
chamber start for case X5, φ = 0.65
The pressure data shows a dominant 4L mode followed by the 3L and 8L modes. This is
in contrast to the photodiode data where the 1L and 4L modes are comparable in
power. Figure 3.18 shows high-pass filtered photodiode data from the diverging section
along with its PSD and band-pass filtered data (around the 4L frequency).

Figure 3.18: High-pass filtered photodiode data (left), PSD of photodiode data (right).
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Figure 3.18 Continued: Band-pass filtered data (around 4L frequency) for case X5, φ =
0.65.
Only the 1L and 4L modes are picked up by all the photodiodes in the diverging section.
The 1L mode was seen to be a purely longitudinal mode as in the previous cases. With
respect to the 4L mode, this condition is unique as it is the only condition where the
band-passed signal showed all three photodiodes to be in phase i.e. there is no
indication of interaction of swirling motion with the longitudinal 4L pressure wave.
Figure 3.19 shows the high-pass filtered photodiode data from the combustion chamber
along with its PSD and band-pass filtered data (around the 4L frequency). In this case,
the 4L mode was seen in two of the photodiodes.

Figure 3.19: High-pass filtered photodiode data (left), PSD of photodiode data (right)
from combustion chamber for case X5, φ = 0.65.
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Figure 3.19 Continued: Band-pass filtered photodiode data from the combustion
chamber (around 4L frequency) for case X5, φ = 0.65.

The phase difference between the 2 photodiodes at the 4L frequency was calculated to
be 110o. This is again consistent with the previously seen conditions indicating an
interaction of the swirl with the longitudinal mode.

Equivalence Ratio: 0.60:
This condition was seen to have similar dynamics as the condition with an equivalence
ratio of 0.65. Figure 3.20 shows the high pass filtered pressure data and the PSD of the
pressure data from the start of the combustion chamber.

Figure 3.20: High pass filtered pressure data (left) and PSD (right).
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The 1L mode is relatively stronger at 750 K than for an equivalence ratio of 0.60 than at
800 K for the same equivalence ratio. The 4L mode remains dominant. Figure 3.21
shows high-pass filtered photodiode data from the diverging section along with its PSD
and band-pass filtered data (around the 4L frequency).

Figure 3.21: High-pass filtered photodiode data from diverging section (top left), PSD of
photodiode data (top right) and band-pass filtered data (around 4L frequency) for case
X5, φ = 0.60.

Like in the pressure data, the 1L mode is stronger at 750 K than at 800 K for the same
equivalence ratio (0.60). In the photodiode data, the 1L mode is even more powerful
than the 4L mode and is the strongest mode observed. The 4L mode was observed by all
three photodiodes in the diverging section and phase calculations could be made. The
two opposing offset photodiodes were in phase while the central non-offset photodiode
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(photodiode 2) was out of phase. In the combustion chamber, the 4L mode was picked
up two of the photodiodes (photodiodes 4 and 5) and the 8L mode was picked up by
one photodiode. Figure 3.22 shows high-pass filtered photodiode data from the
combustion chamber along with its PSD and band-pass filtered data (around the 4L
frequency).

Figure 3.22: High-pass filtered photodiode data from combustion chamber (top left),
PSD of photodiode data (top right) and band-pass filtered data (around 4L frequency)
for case X5, φ = 0.60.
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Equivalence Ratio: 0.55:
This is lowest equivalence ratio value that can be placed in the “high equivalence ratio”
category as it is close to the threshold value (0.54) where the instability amplitudes
sharply drop and the 4L mode is no longer dominant. Figure 3.23 shows the high pass
filtered pressure data and the PSD of the pressure data from the start of the combustion
chamber.

Figure 3.23: High pass filtered pressure data (left) and PSD (right).
The 4L mode is the dominant mode at this condition followed by the 8L mode. The
magnitude of total instability in the pressure data drops to 121 kPa and the amplitude of
the 4L mode drops sharply from 83 kPa for the previous equivalence ratio condition to
64 kPa inside the combustion chamber. Figure 3.24 shows high-pass filtered photodiode
data from the diverging section along with its PSD and band-pass filtered data (around
the 4L frequency).

Figure 3.24: High-pass filtered photodiode data (left), PSD of photodiode data (right).
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Figure 3.24 Continued: Band-pass filtered photodiode data from diverging section for
case X5, φ = 0.55.
The 4L mode is picked up by the two opposing offset photodiodes for this condition.
Band-pass filtering of their data shows that they are in phase. Since the 4L mode was
not picked up by the central non-offset photodiode, the occurrence of hydrodynamicthermoacoustic interaction is inconclusive at this axial location.
In the combustion chamber, the two of the three photodiodes pick up the 4L mode.
Figure 3.25 shows high-pass filtered photodiode data from the combustion chamber
along with its PSD and band-pass filtered data (around the 4L frequency).

Figure 3.25: High-pass filtered photodiode data (left), PSD of photodiode data (right)
from the combustion chamber photodiodes.
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Figure 3.25 Continued: Band-pass filtered photodiode data from combustion chamber
for case X5, φ = 0.55.
The signals from photodiodes 4 and 5 are seen to be out of phase at this axial location
for the test condition.

Equivalence Ratio: 0.45:
This was the lowest equivalence ratio tested for the inlet air temperature of 750 K. As in
the previous test case (at 800 K), the 4L mode is no longer dominant at the lower
equivalence ratio and is not observed in the photodiode data. Figure 3.26 shows the
high pass filtered pressure data and its PSD from the start of the combustion chamber.

Figure 3.26: High-pass filtered pressure data (left), PSD of pressure data (right).
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At this condition, the maximum pressure oscillation amplitude drops to about 50 kPa in
the combustion chamber or about 5% of mean chamber pressure. This is the least
unstable condition observed in the combustor across all equivalence ratios and inlet air
temperatures. The bulk of the power is distributed across the first 7 acoustic modes,
similar to the low equivalence ratio conditions from the previous case (800 K). Figure
3.27 shows the high-pass filtered photodiode data from both the diverging section and
the combustion chamber along with their respective PSD’s.

Figure 3.27: From the diverging section, high-pass filtered photodiode data (top left),
PSD of photodiode data (top right). From the combustion chamber photodiodes, highpass filtered photodiode data (bottom left), PSD of photodiode data (bottom right), for
case X5, φ = 0.45.
There are no prominent modes visible in the photodiode data at this equivalence ratio.
The 1L is faintly visible in the data from the diverging section. This is consistent with the
observations from the 800 K (inlet temperature) test case where at the lower
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equivalence ratios (< 0.54), the 4L mode is not dominant in the pressure data and the 4L
and 8L modes are not visible in the photodiode data.

Inlet Air Temperature 700 K:

The tests conducted at an inlet air temperature of 700 K were seen to be the most
unstable cases in the combustor especially at higher equivalence ratios. Blowout
occurred at a relatively high equivalence ratio of 0.49 for this test case.

Equivalence Ratio: 0.63:
This was the most unstable condition among all the test conditions. High pass filtered
pressure data and the PSD of the pressure data from the start of the combustion
chamber is shown in Figure 3.28.

Figure 3.28: High-pass filtered pressure data (left), PSD of pressure data (right).
The total pressure fluctuation observed here was close to 170 kPa or 17% of the mean
chamber pressure. The 4L mode is the dominant mode observed along with powerful
3L, 7L, and 8L modes. Although the overall pressure fluctuation is higher, the 4L mode
itself has a weaker amplitude at this inlet air temperature. There is also a broad peak
observed around 8500 Hz in this data. The 1L mode is much weaker than the 4L mode at
this condition. The photodiode data on the other hand shows that the 1L mode is the
dominant heat release mode in the combustor at both axial locations. Figure 3.29 shows
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the high-pass filtered photodiode data from both the diverging section of the
combustor.

Figure 3.29: High pass filtered photodiode data and its PSD from the diverging section
for case X7, φ = 0.63.
Apart from the 1L, the 4L and 8L modes are also seen by the photodiodes (4L by all
three and 8L by two of the photodiodes). A broad peak was also observed around 8500
Hz as in the photodiode data (as in the pressure data). The data was hence band-pass
filtered around the 4L and 8L frequencies to check for phase relationships. Figure 3.30
shows the band-pass filtered photodiode data from the diverging section.

Figure 3.30: Photodiode data from diverging section band-passed at 4L frequency (left)
and 8L frequency (right) for case X7, φ = 0.63.
At the 4L frequency, the signals from the two opposing offset photodiodes are in phase
while the signal from the central photodiode is out of phase. This is similar to the
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behavior observed at many of the higher inlet temperature cases. This again implies that
there is interaction of the swirl with the thermoacoustics.
At the 8L frequency, the two photodiodes which pick up the 8L mode and are
geometrically separated by 101o, produce signals that are in phase. This is the only
condition where the 8L signals at the 8L frequency were in phase in the diverging
section.
Figure 3.31 shows the high-pass filtered photodiode data along with its PSD and bandpass filtered (at the 4L frequency) data from the combustion chamber.

Figure 3.31: High-pass filtered photodiode data from combustion chamber (top left),
PSD of photodiode data (top right) and band-pass filtered data (around 4L frequency)
for case X7, φ = 0.63.
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From the combustion chamber photodiode data, only the 4L mode is clearly visible.
Band-pass filtering at this frequency shows that the two opposing photodiodes are in
phase while the central photodiode is out of phase. This is identical to the data from the
diverging section for the same condition as seen in Figure 3.30. The broad peak around
8500 Hz is also seen in the PSD.

Equivalence Ratio: 0.60:
At an equivalence ratio of 0.6, the combustor was the most unstable when the inlet air
temperature was 700K, with a total pressure fluctuation of up to 168 kPa or 16.8% of
mean chamber pressure. Figure 3.32 shows high-pass filtered pressure data from the
start of the combustion chamber and its PSD.

Figure 3.32: High pass filtered pressure data and its PSD from the combustion chamber
start for case X7, φ = 0.60.
The 4L mode is seen to be dominant for this condition while powerful 3L and 7L modes
are also seen. The strong peak that was seen around 8500 Hz is much weaker at this
condition. Figure 3.33 shows the high-pass filtered photodiode data from the diverging
section along with band-pass filtered data (at the 4L frequency).
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Figure 3.33: High-pass filtered photodiode data (left) and its PSD (right) from diverging
section. Band-pass filtered data (at 4L frequency) from diverging section for case X7, φ =
0.60.
For this condition, the 1L, 2L, 3L , 4L and 8L modes were visible in the photodiode data.
This makes this condition unique in the appearance of so many peaks in the photodiode
data. However, it is likely that these modes are present in many of the high equivalence
ratio conditions but are simply obscured by thermal noise. The pressure data also shows
much stronger 1L, 2L and 3L modes at 700K. This may be a result of the relatively
stronger heat release modes or vice versa. The 4L mode was picked up by all three
photodiodes while the 8L mode was only picked up by one.
At the 4L frequency, the signals from the two opposing offset photodiodes are in phase
while the signal from the central photodiode is out of phase. This is a common trend
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observed in all the high equivalence ratio conditions which is highly suggestive of a
highly periodic of hydrodynamic-thermoacoustic interaction.
The photodiodes in the combustor chamber did not pick up any dominant modes in the
signal due to the diodes getting close to the saturation point which caused a high
amount of thermal noise to occur.

Equivalence Ratio: 0.51:
This was the lowest equivalence ratio that could be analyzed for this inlet air
temperature. The combustor is visibly much less unstable at this condition as seen in the
pressure data in Figure 3.34. The total pressure fluctuation is less than 7% of mean
chamber pressure.

Figure 3.34: High pass filtered pressure data and its PSD from the combustion chamber
start for case X7, φ = 0.51.
The first seven acoustic have a very even distribution of energy between them with the
4L and 7L have comparable power. High pass filtered photodiode data and its PSD from
both the diverging section and combustion chamber are shown in Figure 3.35.
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Figure 3.35: High-pass filtered photodiode data (left) and PSD (right) from diverging
section (top) and combustion chamber (bottom) respectively for case X7, φ = 0.51.
No dominant modes were visible in the data at this low equivalence ratio. The
magnitude of voltage fluctuations is also seen to be much lower in the photodiode data
as in the pressure data indicating a much stabler condition.

3.3 Summary of Results:

The magnitude of pressure and heat release fluctuations in the combustor is heavily
dependent on the equivalence ratio and the inlet air temperature. The air plenum is
more slightly unstable at higher inlet air temperatures. The combustion chamber is
much more unstable at lower inlet air temperatures. The system on the whole was most
unstable at the inlet air temperature of 700 K and least unstable at the highest inlet air
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temperature cases (800 K). This is consistent with the results from prior tests (without
photodiodes) [45].
The combustor is more unstable at higher equivalence ratios and the instability is seen
to consistently decrease with a decrease in equivalence ratio. This is as expected since
the flame heat release decreases when the equivalence ratio reduces. The amplitude of
the pressure and heat release fluctuations sharply decreases around an equivalence
ratio of 0.54.
The appearance of instability modes in both axial locations indicates that the heat
release and corresponding flame luminescence are present in both axial locations in the
combustor (the diverging section and downstream of the dump plane). We can hence
deduce that the flame begins in the diverging section of the pressure swirl venturi and
extends forward past the dump plane. This conforms with how an LDI system is
expected to behave as it indicates that the mixing of air and fuel takes place over a very
short distance.

3.3.1 Pressure Data

In the pressure data, the 4L mode is the most dominant in the combustion chamber at
high equivalence ratios. Its harmonics are also typically more powerful than other
modes. The 4L mode is individually the strongest mode at 800 K but overall instability
amplitudes increases at lower inlet air temperatures as other modes grow stronger.
Total pressure fluctuation is maximum at 700 K where it reaches up to 17% of mean
chamber pressure.
When the equivalence ratio drops below 0.54, the combustor becomes much less
unstable. Simultaneously, the 4L mode stops being dominant and the energy is
distributed among the first 5 to 7 acoustic modes with the 1L mode typically being
slightly stronger than the others.
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3.3.2 Photodiode Data

The focus of the analysis was on the photodiodes in the diverging section as it is
optically inaccessible although the photodiodes in both planes show very similar
behavior. The data was generally better from the diverging section photodiodes due to
lesser thermal noise.
Unlike the pressure data, the photodiode data has a very low signal-to-noise ratio due
to the thermal noise which may prevent some modes from being seen. This is more of a
problem in the combustion chamber photodiodes which are exposed to more heating
from the combustor. At high equivalence ratios, the 4L mode is the most prominent and
easily visible at both axial locations that have the photodiodes. There is a very strong 1L
mode that is visible in all the high equivalence ratio cases which is comparable in power
to the 4L mode and in some cases stronger. This is unlike the behavior seen in the
pressure data where the 4L is always much stronger than the 1L at high equivalence
ratios. The 8L mode is also frequently seen in both photodiode planes.
The band-pass filtered data indicates that the 1L mode is always purely longitudinal in
nature. Band-pass filtering around the 4L frequency indicates that the signals from the
same axial location are often out of phase. With the exception of one condition (750 K,
equivalence ratio of 0.65), the most common behavior seen at this frequency is that the
two opposing offset photodiodes produce signals that are in phase while the central
non-offset diode signal is out of phase. Since the photodiodes are only able to obtain
data from a very narrow axial location, it is difficult to obtain an exact picture but this
behavior is likely the result of the longitudinal 4L frequency pressure interacting with
the swirling flow structure or an azimuthal hydrodynamic mode like a precessing vortex
core (PVC). Further evidence of this comes from signals band-passed around the 8L
frequency for a few cases. At this frequency, the signal from adjacent photodiodes
(photodiodes 1 and 2) in the diverging section have a phase difference consistent with
their geometric angular separation. This could indicate the presence of a possible
azimuthal mode at or around the 8L frequency range (2700 to 2800 Hz).
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3.3.3 Hydrodynamic Modes

Being a swirl stabilized flame, the flame consists of an axisymmetric (with possible
precession) swirling flow. Since the photodiodes in the same axial location are located at
different angular locations, they look at different regions in swirling flame structure. The
periodic distortion of this structure by a pressure wave could cause the photodiode
signals at the 4L and 8L frequency to be out of phase.
The presence of a PVC could also explain the dominant 4L mode and its harmonics at
high equivalence ratios. The PVC, depending on its frequency and operating conditions
has been observed to be capable of producing a positive or negative coupling effect
with the thermoacoustics [37-41]. A positive coupling effect would explain the highly
unstable conditions that occur at high equivalence ratios. A negative coupling could on
the other hand be the cause of the sharp drop in the instability seen at lower
equivalence ratios.

The 4L mode has the characteristics of an interaction mode.

However, there were no modes picked up in the combustor that could definitively be
identified as the PVC frequency although the behavior of the combustor described
above strongly suggests the presence of a PVC.

3.3.4 Low Equivalence Ratio Behavior

When the equivalence ratio drops below 0.54, the combustor becomes much less
unstable and the 4L mode stops being dominant in the pressure data. At these
conditions, the 4L and 8L modes are not visible in the photodiode data. The 1L mode is
faintly visible in one of the cases (750 K, at a phi of 0.45) and is likely the strongest heat
release mode. The other modes may exist but would be certainly weaker and may be
obscured by the noise. The high-pass filtered data confirms that the heat release
fluctuations are much lower under these conditions as are the pressure fluctuations.
Due to this, phase data of the modes could not be obtained.
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3.3.5 Other Modes

In addition to the 1L, 4L and 8L modes, some other frequency peaks were observed in
the PSD plots. At 800 K, the 12L mode was observed by one of the photodiodes in the
diverging section at high equivalence ratios. This was not visible in any other test case.
The 2L and 3L modes are relatively stronger in the pressure data at 700 K and this
reflects in the photodiode data where the 2L and 3L modes were observed (Figure 3.33)
but not as very prominent peaks. This implies that these modes may exist in the other
cases as well but may be obscured by the noise. At 700 K, broad peaks were observed in
the pressure and photodiode data in the 8500 Hz range.

92

CHAPTER 4. CONCLUSION

4.1 Summary

Low emission systems like LDI combustors are prone to instabilities and understanding
the physics of these systems is vital to their design and implementation. Prior studies
had been conducted with pressure transducers on a metal chamber [45]. In this project,
the LDI combustor was successfully tested with the section containing the photodiodes.
The study of heat release modes in the combustor was conducted using measurement
of light emissions from the flame along with high frequency pressure measurements
with a focus on the venturi section of the combustor. Many additional factors had to be
taken into account for the tests with the photodiodes compared to the previous tests.
The photodiodes are designed only to operate up to temperatures of 75o C and had to
be isolated and cooled to prevent damage. This was done using a nitrogen flow through
the port. The combustor dynamics were not significantly altered by this but the ignition
characteristics changed and blowout was observed at relatively higher equivalence
ratios. The number of tests that could be conducted on the section was limited due to
the section not having a flange on the end which resulted in greater heating and
expansion of the section.
Despite having a nitrogen flow to cool the ports, the photodiodes were still subjected to
high temperatures mainly from radiative heating. This resulted in the photodiodes
producing a very signal with a lot of thermal noise. This combined with the limited field
of view of the photodiodes and low fluctuation of flame light emissions resulted in very
noisy data from which relatively less information could be obtained (compared to
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pressure data). The photodiodes were able to pick up most dominant modes at high
equivalence ratios (>0.54) for all the inlet air temperatures at both axial locations (the
diverging section of the venturi and the combustion chamber downstream of the dump
plane). This data along with the pressure data confirms that the combustor is more
unstable as the inlet air temperature is reduced. The pressure data shows a strong 4L
mode around 1300 – 1400 Hz as the most powerful mode at equivalence ratios above
0.54. This harmonics of this mode are prominently seen as well (8L, 12L). This is
reflected in the photodiode data where the 4L is a dominant mode at equivalence ratios
above 0.54. The photodiode data however shows a 1L mode around 300 – 350 Hz that is
comparable in power to the 4L mode for high equivalence ratios.
The 1L mode is purely longitudinal in nature . The 4L mode and 8L modes seen in the
photodiode are not purely longitudinal. The band-pass filtered data from the
photodiodes indicates a phase difference between the photodiode signals that indicates
an azimuthal motion; a possible result of the interaction between the swirling flow
structure and the acoustics. The phase difference seen at the 8L frequency may be
caused by a PVC at or around that frequency.
The possibility of the occurrence of a PVC is further supported by the drastic drop in the
instability (both heat release and pressure fluctuations) when the equivalence ratio
drops below 0.54. The PVC, depending on its frequency and operating conditions is
capable of producing a enhancing or damping effect on the thermoacoustics. A positive
coupling effect would explain the highly unstable conditions that occur at high
equivalence ratios. A negative coupling could on the other hand be the cause of the
sharp drop in the instability seen at lower equivalence ratios. In either case, a PVC is a
possible explanation for the dynamic behavior of the combustor. However, no mode
that could be confirmed as the PVC was picked up even though the combustor behavior
suggests there is a high possibility of it existing.
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The pressure data showed a sharp drop in amplitudes when the equivalence ratio drops
below 0.54 and the energy is seen to be distributed among the first seven acoustic
modes. The photodiodes also show a reduction in flame light emission fluctuations
which indicates a drop in heat release fluctuations. The photodiodes only pick up the 1L
mode in a handful of cases when at low equivalence ratio conditions and the 1L is likely
the dominant mode. The 4L mode and its harmonics do not appear. Lower equivalence
ratios are overall, much more stable and the pressure flucutations are in the range of 5
to 6% of mean chamber pressure (compared to 12 to 17% at equivalence ratios above
0.54).
At 700 K, the photodiodes also picked up the 2L and 3L modes. These modes might exist
at other conditions but may be too weak to be visible over the noise. Broad peaks were
also observed around 8500 Hz in some cases in both the pressure and photodiode data.

4.2 Future Work

The photodiodes and pressure transducers used to study the dynamics so far were
suitable for the opaque metal combustion chamber. The photodiodes can only provide
line-of-sight measurements from very narrow discrete axial locations in the combustor.
There are also issues with noise and resolution due to which a very limited amount of
data can be extracted and studied. A better understanding of heat release modes and
the interaction between the thermoacoustics and hydrodynamics can be obtained
through complete optic access to the combustion chamber. The next phase of
experiments will use an optically accessible section for the first module of the
combustion chamber. Chemiluminescence measurements (of OH and CH* radical
emissions) of the using a high speed camera could give better data on the nature of the
dynamics of the flame. The ignition method will also be changed to using laser ignition
instead of a spark. Since laser ignition is less intrusive on the combustor geometry, a
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more accurate picture of the dynamics can be obtained. An optic chamber also allows
use of techniques like PIV and PLIF to study the flow field and the dynamic heat release
in the combustor respectively. Simultaneous PIV and PLIF is the ultimate target as it
would provide the best picture of hydrodynamics and the thermocoustics in the
chamber.
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Appendix A. P&ID and Transducer Specifications

Plumbing and Intrumentation Diagram for the LDI test rig (Drawn by Rohan Gejji)
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Figure A.1: Kulite WCT – 312 Pressure Transducer Specifications Sheet (Table from
company website).
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Figure A.2: DET 10A photodiode specifications sheet (from Thorlabs DET 10A manual).
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Figure A.3: DET 10A spectral response (from Thorlabs DET 10A manual).
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Appendix B. Engineering Drawings

Figure B.1: Engineering drawing of DET 10A photodiode (from Thorlabs DET 10A
manual).

Figure B.2: Combustion chamber module with converging diverging section.
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Figure B.3: Photodiode and spark plug port assembly on combustor section.
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